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doi:10.1Objective: Tetralogy of Fallot (ToF) with infundibular septal deficiency (ISD) is commonly associated with
postoperative right ventricular outflow tract obstruction (RVOTO), presumably caused by subpulmonary exten-
sion of ventricular septal defect (VSD) and restricted growth of the pulmonary valve annulus (PVA). We sought
to determine the postoperative growth of the PVA after annulus preservation according to the presence or
absence of the infundibular septum.
Methods: A retrospective review of 90 patients who underwent surgical repair of ToF between June 1997 and
August 2008 was performed. Median age at operation was 9.5 months. Infundibular septumwas absent in 15 (15/
90, 17%). PVAwas preserved in 71 patients (71/90, 79%), including 13 patients with ISD (13/15, 87%).
Results:Median follow-up duration was 39months (2 months to 13 years). Therewas no early mortality and one
late noncardiac death. Among the patients with PVA preservation, reoperation for RVOTO was performed in 4
patients (4/71, 6%), including 3 patients without the infundibular septum. ISD was identified as the only risk
factor in reoperation for RVOTO after PVA preservation (RR: 21.85, P ¼ .007). Among the patients who
underwent repair with PVA preservation during infancy (n ¼ 43), PVA (Z-score) increased postoperatively in
patients with the infundibular septum (þ 0.021/month, P ¼ .009), whereas the changes in PVA (Z-score)
were nonsignificant in patients with ISD (-0.021/month, P ¼ .306), with a marginal intergroup difference
(P ¼ .056).
Conclusions: PVA preservation in ToF with ISDmay be associated with a higher risk for postoperative RVOTO,
which can be attributed to the restricted growth of the PVA. (J Thorac Cardiovasc Surg 2011;141:969-74)C
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DOf a myriad of operative strategies developed for congenital
heart defects since the 1950s,1 surgical correction of tetralogy
of Fallot (ToF) has been one of the most significant
accomplishments in terms of well-established preoperative
risk analysis, finely designed therapeutic algorithm, and
excellent surgical outcome.With extremely low postoperative
mortality and morbidity in the contemporary series, debates
over the surgical repair of ToF have moved on to how to im-
prove long-term outcomes. Preservation of pulmonary valve
annulus (PVA) upon initial repair has been considered to be
crucial for the prevention of right ventricular dilatation and
dysfunction,2-4 ventricular arrhythmia,5 and sudden death.6
However, the benefits of annulus preservation for marginally
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The Journal of Thoracic and Caanatomic features in ToF, such as infundibular septal defi-
ciency (ISD), may preclude PVA preservation. In previous
reports,7-9 it has been implied that repair of ToF with ISD,
that is, subarterial (SA) or total conal defect (TCD)–type
ventricular septal defect (VSD), is associated with a lower
threshold for transannular patch (TAP) and a higher risk for
postoperative right ventricular outflow tract obstruction
(RVOTO). However, it is deemed implausible that ISD itself
is a risk factor for TAP, given the fact that the feasibility of
annulus preservation is determined mainly by the size of the
PVA. Similarly, the hypothesis of a higher risk for RVOTO
in this subset can not be tested properly if TAP is placed too
frequently, which was one of the pitfalls of previous
studies.7-9 Since the late 1990s, we have employed an
aggressive annulus preservation strategy for ToF in an effort
to mitigate late complications of a dilatated and poorly
functioning right ventricle. The probability of PVA
preservation in our consecutive series has risen to 80%,
which strikingly coincides with that of others employing the
same strategy.10-14 Thus, data from the patients enrolled in
this study may well be suited for investigating the
relationship between ISD and postoperative RVOTO. We
speculate that ToF with ISD may present a higher risk for
RVOTO once PVA is preserved upon repair, presumably
because of subpulmonic extension of VSD, anchoring of therdiovascular Surgery c Volume 141, Number 4 969
TABLE 1. Patient profile according to types of ventricular septal
defect
PM/MO SA/TCD P value
Number of patients 75/90 (83%) 15/90 (17%)
Age at operation (median) 9.5 10.5 m .330
Previous palliation 13/75 (17%) 2/15 (13%) 1.000
Preop. PVA(Z) (median) 2.43 2.0 .888
Preoperative PAI (median) 297 456 .010
Branch PA stenosis 19/75 (25%) 3/15 (20%) 1.000
Preop. AR (II) 0/75 (0%) 0/15 (0%)
PVA preservation 58/75 (78%) 13/15 (86%) .729
RVOT velocity (imm. postop.) 2.5 m/sec 3 m/sec .086
AR (II), Aortic regurgitation equal to or greater than grade II; PA, pulmonary artery;
PAI, pulmonary artery index (mm2/m2); PM/MO, perimembranous or muscular outlet
VSD; Preop., preoperative; PVA(Z), Z-value of pulmonary valve annulus diameter;
RVOT (imm.postop.), right ventricular outflow tract flow velocity on immediate post-
operative echocardiography; SA/TCD, subarterial or total conal defect VSD; VSD,
ventral septal defect.
Abbreviations and Acronyms
IP ¼ infundibular patch
ISD ¼ infundibular septal deficiency
MO ¼ muscular outlet
PM ¼ perimembranous
PVA ¼ pulmonary valve annulus
PVA(Z) ¼ Z-score of the pulmonary valve
annulus
RVOT(O) ¼ right ventricular outflow tract
(obstruction)
SA ¼ subarterial
TAP ¼ transannular patch
TCD ¼ total conal defect
ToF ¼ tetralogy of Fallot
VSD ¼ Ventricular septal defect
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DVSDpatch to the pulmonary valve annulus and, consequently,
restriction of PVA growth. In this study, we sought to
determine the impact of ISD on the development of RVOTO
in patients who were operated on under an aggressive PVA
preservation strategy.TABLE 2. Surgical techniques for reconstruction of right ventricular
outflow tract
RVOT reconstruction PM/MO SA/TCD Total
AP 58 13 71
No patch 4 0 4
MPA patch 7 0 7
MPA patchþ IP 47 13 60
TAP 16 2 18
RV-PA conduit 1 0 1
Total 75 15 90
AP, Annulus preservation; IP, infundibular patch; MO, muscular outlet; MPA, main
pulmonary artery; PA, right ventricle to pulmonary artery; RVOT, right ventricular
outflow tract; RV-PM, right ventricular perimembranous; SA, subarterial; TAP, trans-
annular patch; TCD, total conal defect.MATERIALS AND METHODS
The medical records of 90 patients who underwent total correction of
ToF between June 1997 and August 2008 were reviewed retrospectively.
Patients with pulmonary atresia, absent pulmonary valve syndrome, or
atrioventriucular septal defect were excluded from patient enrollment. Me-
dian age at repair was 9.5 months (11 days to 57 years), and 55 (61%) were
males. Median body weight at operation was 8.8 kg (3.6-73.4 kg). Of the
patients 15 (17%) had undergone previous systemic-to-pulmonary artery
shunts. The infundibular septum was present in 75 (83%) and absent (ie,
ISD) in 15 patients (17%). In patients with the infundibular septum, 54
had perimembranous (PM) VSD and 21 had muscular outlet (MO) VSD.
In patients with ISD, 12 had SAVSD and 3 had total conal defect VSD. Pa-
tient characteristics according to the types of VSD are summarized in Table
1. On preoperative transthoracic echocardiography, PVA diameter was
measured between the hinge points of the pulmonary valve excursion,
and median z-score of PVA diameter was -2.35 (-10.5 to 4.78). To measure
the size of the branch pulmonary arteries,15 cardiac catheterization and an-
giography was performed in 81 patients (90%), and cardiac computed to-
mography was performed in the remaining patients. Median pulmonary
artery index (PAI) was 322 mm2/m2 (83 to 743 mm2/m2). For the assess-
ment of postoperative regression of RVOT pressure gradient and growth
of the PVA after PVA preservation, off-line measurements from postoper-
ative echocardiographic studies were carried out by a single observer. For
the retrospective review and collation of the data, approval by the institu-
tional review board was obtained (2008-0277).
Surgical Techniques
Under moderate hypothermic cardiopulmonary bypass, branch pulmo-
nary arteries were dissected and the ductus, if present, was divided. The
aorta was cross-clamped, and oblique right atriotomy was made to explore
the VSD and RVOT through the tricuspid valve. Parietal extension of the
conal septum was extensively excised, and Hegar dilators were introduced
from the right ventricle into the pulmonary valve annulus to measure the
actual size of the pulmonary valve orifice. If the effective orifice diameter970 The Journal of Thoracic and Cardiovascular Surgof the pulmonary valve was smaller than the equivalent of -2 of PVA(Z),
which was the case in almost all patients, a longitudinal pulmonary arterio-
tomy was made to augment the effective valve area by employing various
techniques, such as commissurotomy, division of leaflet (bicuspidalization
or tricuspidalization), and excision of immobile leaflets. Hegar dilators
were introduced from the pulmonary arteriotomy into the PVA again
and, if PVA (Z) was still smaller than -2, the pulmonary arteriotomy was
extended down to RVOT, crossing the annulus for minimal right ventricu-
lotomy (less than 10mm) to place a small transannular patch (TAP). If PVA
(Z) was greater than -2, we elected to preserve the PVA. Pulmonary arterio-
tomy was closed primarily or widened using a prosthetic patch (Gore
Acuseal Cardiovascular Patch; Gore Medical Products, Flagstaff, Ariz)
in case of supravalvar stenosis. Placement of an infundibular patch (IP)
was determined either by direct measurement of RVOT using Hegar dila-
tors or by pressure data off bypass (ie, pressure ratio of the right ventricle
over the left ventricle>0.8). Acuseal patch was also used for an IP. VSD
was closed by using a transatrial-transpulmonary approach in the majority
of cases, with interrupted pledget-supported 6-0 polypropylene sutures and
a polyethylene terephthalate fiber patch (Dacron; Bard, Atlanta, Ga). The
transition of RVOT strategy from pulmonary annulus preservation to plac-
ing a transannular patch was determined on the basis of the same pressure
criteria off bypass as IP placement. The surgical procedure for the RVOT
reconstruction is summarized in Table 2.
In patients with the SA or TCD type of VSD, the VSD was repaired by
performing a longitudinal right ventriculotomy, and an infundibular patch
was placed to close the right ventriculotomy. After running into RVOTOery c April 2011
FIGURE 1. Tetralogy of Fallot with infundibular septal deficiency. A, Pulmonary valve annulus (PVA) is abutting the aortic valve annulus (AVA), which
overrides the ventricular septal defect (VSD). B, The VSD is repaired using interrupted pledget-supported sutures, except for the upper margin where the
VSD patch is sutured precisely on the fibrous raphae between the two semilunar valves, employing continuous suture technique using a fine monofilament
suture. Anchoring of the VSD patch to the AVA or PVA may cause postoperative aortic regurgitation or right ventricular outflow tract obstruction.
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Dafter annulus preservation in patients with ISD in our early series, we mod-
ified our surgical techniques in closing the SA or TCDVSD as follows: (1)
tailoring the VSD patch precisely to the actual size of the VSD so as to pre-
vent RVOTO caused when an oversized patch bulges into an RVOT or to
prevent tethering of the PVA by an undersized patch; (2) using a fine mono-
filament suture with a continuous running-suture technique instead of plac-
ing interrupted pledget-supported sutures in closing the upper margin of the
VSD; (3) suturing exactly on the fibrous raphe between the two semilunar
valves rather than on the pulmonary or aortic annulus; and (4) using patch
closure instead of primary closure of the ventriculotomy (ie, placement of
an infundibular patch) (Figure 1).
Statistical Analysis
Data are presented as frequencies, medians with ranges, or means with
standard deviations. Logistic regression analysis was used to identify risk
factors for using a TAP in the whole study group (n ¼ 90). Variables
included in the analysis were age at operation, body weight, previous pal-
liation, VSD types (ie, ISD), PVA Z-score, and pulmonary artery index. To
assess the risk factors for RVOTO in patients with PVA preservation
(n ¼ 71), the Cox proportional hazards model was fitted for time to reop-
eration for RVOTO, adjusting preoperative and intraoperative variables.
Variables included in the analysis were age at operation, body weight, pre-
vious palliation, VSD type (or ISD), PVA Z-score, pulmonary artery index,
cardiopulmonary bypass time, aortic cross-clamping time, and the use of an
infundibular patch. Freedom from reoperation for RVOTOwas represented
using the Kaplan-Meier method, and stratified survival curves were plotted
to explore unadjusted group difference between patients with and without
the infundibular septum. To assess the impact of ISD on the postoperative
changes in PVA Z-score and RVOT velocity on echocardiography, a mixed
linear model (random coefficient model) was fitted for variables of interest.
Analyses were conducted using SPSS version 12.0 (Korean version). A
P value less than .05 was considered statistically significant.FIGURE 2. Probability of TAP according to PVA(Z). Small PVA(Z) was
the only risk factor for TAP by logistic regression analysis (RR ¼ 0.627,
P ¼ .007). PVA(Z), Z-score of the pulmonary valve annulus; TAP, transan-
nular patch.RESULTS
PVAwas preserved in 71 patients (71/90, 79%), including
13 patients with ISD (13/15, 87%). The median follow-up
duration was 39 months (2 months through 13 years). There
was no early mortality and one late noncardiac death. By lo-
gistic regression analysis, PVA (Z) was identified as the onlyThe Journal of Thoracic and Carisk factor for TAP (RR ¼ 0.627, 0.443-0.888, P ¼ .009)
(Figure 2), and ISD did not increase the risk for TAP
(P ¼ .620). Among the patients with pulmonary annulus
preservation (n ¼ 71), 4 patients (3 with ISD) developed
RVOTO, which necessitated reoperation during the
follow-up period (Table 3). Cox proportional hazards model
identified ISD as the only risk factor for decreased time to
reoperation for RVOTO (RR: 21.9, 2.17-220, P ¼ .007).
Freedom from reoperation for RVOTO was 67% at 24
months in patients with ISD and 97% in patients with infun-
dibular septum (Figure 3). On postoperative echocardiogra-
phy, RVOT velocity (m/sec) gradually decreased during
follow-up. Postoperative decrease in RVOT velocity was
significant in patients with infundibular septum (-0.011 
0.003/month, P<.001) but was nonsignificant in patientsrdiovascular Surgery c Volume 141, Number 4 971
TABLE 3. Profile of patients undergoing reoperation for right ventricular outflow tract obstruction
Op. age VSD type PVA(Z) RVOT-op. RVOT-1 Interval (months) RVOT-2 Reoperation
46 years SA 0.5 AP 2.7 m/sec 7 m 3.5 m/sec PVR, TVR
8 months MO 3.83 AP 3.5 m/sec 25 m 4 m/sec Pulmonary valvotomy
9 months TCD 1.04 AP 3.5 m/sec 8 m 4 m/sec TAP
11 months SA 3.13 AP 3 m/sec 16 m 5.3 m/sec TAP
AP, Pulmonary valve annulus preservation; Interval, interval between the initial operation and reoperation; MO, muscular outlet; Op., operation; PAI, pulmonary artery index
(mm2/m2); PVA(Z), Z-value of the preoperative pulmonary valve annulus diameter; PVR, pulmonary valve replacement; RVOT op., reconstruction method; RVOTO, right
ventricular outflow tract obstruction; RVOT-1, RVOT velocity on immediate postoperative echocardiography; RVOT-2, RVOT velocity on echocardiography prior to reoperation;
SA, Subarterial; TAP, transannular patch; TCD, total conal defect; TVR, tricuspid valve replacement; VSD, ventricular septal defect.
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Dwith ISD (-0.0004 0.007/month, P¼ .954). There was no
intergroup difference (P ¼ .145) (Figure 4). Among the
patients who underwent repair with PVA preservation dur-
ing infancy (n ¼ 43), postoperative increase in PVA(Z)
was significant in patients with infundibular septum
(þ0.021/month, P ¼ .009), but nonsignificant in patients
with ISD (-0.021/month, P ¼ .306), with a marginal inter-
group difference (P ¼ .056) (Figure 5). When analyzing
25 postoperative echocardiographic data from the patients
with ISD who had repair with annulus preservation during
infancy (n ¼ 8), a strong correlation was found between
postoperative PVA(Z) and RVOT velocity (r2 ¼ 0.537).DISCUSSION
Differing from perimembranous or muscular VSD, SA
VSD has extremely uneven geographic distribution. It is
more prevalent in northeast Asia than in the Occident. This
is also the case for the types of VSD in ToF. In Japan, for
instance, the association of SAVSD with ToF has been re-
ported to be as high as 20%.16,17 Thus, studies of SAVSD
in ToF have been conducted much more frequently in Asia,
especially in Japan.7,9,16,17 Previous studies implied
a higher rate of TAP,7,8,17-19 a higher risk for postoperative
RVOTO,7,16 common development of postoperative aorticFIGURE 3. Freedom from reoperation for RVOTO stratified by types of
ventricular septal defect. MO, Muscular outlet; PM, perimembranous out-
let; RVOTO, right ventricular outflow tract obstruction; SA, subarterial;
TCD, total conal defect; VSD, ventricular septal defect.
972 The Journal of Thoracic and Cardiovascular Surgregurgitation,7 and even higher mortality9,18 in this subset.
However, these studies have several pitfalls. With respect to
the frequent need for TAP, we speculate that deficient
infundibular septum is not necessarily a risk factor for TAP
because TAP probability could well be determined by PVA
size alone, and because patients with SA VSD may have
even larger PVAs18 than patients with other types of VSD.
Thus, the higher incidence of TAP in the previous studies
might have hadmore to dowith institutional bias or individual
surgeons’ preferences. Additionally, the age at repair in the
previous reports is older than that of the contemporary series,
which are composed primarily of patientswho undergo repair
during infancy. Furthermore, the risk for RVOTO after ToF
repair cannot be assessed plausibly without taking the
RVOT reconstruction strategy into account; that is, the risk
for RVOTO can be analyzed plausibly in patients who are op-
erated on by surgeonswho favor aggressive PVApreservation
because over-reliance on TAP may alleviate the deleterious
effect of ISD on the development of postoperative RVOTO.FIGURE 4. Postoperative changes of RVOT velocity in patients with
pulmonary valve annulus preservation (n ¼ 71). During the follow-up,
RVOT velocity decrement was significant in patients with PM/MO VSD
(P< .001) and nonsignificant in patients with SA/TCD VSD (P ¼ .954).
The intergroup difference was not statistically significant (P ¼ .145). MO,
Muscular outlet;PM, perimembranous;RVOT, right ventricular outflow tract;
SA, subarterial; TCD, total conal defect; VSD, ventricular septal defect. *Re-
operation for RVOTO. **Data from the patients whose echocardiographic
follow-up times were shorter than 12 months were omitted from the illustra-
tion for clarification.
ery c April 2011
FIGURE 5. Postoperative changes of PVA(Z) in patients with pulmonary
valve annulus preservation, whose age at repair was less than 12 months
(n ¼ 43). During the follow-up, PVA(Z) increment was significant in
patients with PM/MO VSD (P ¼ .009) and nonsignificant in patients
with SA/TCD VSD (P ¼ .306), with a marginal intergroup difference
(P ¼ .056). MO, Muscular outlet; PM, perimembranous; PVA(Z), Z-value
of pulmonary valve annulus diameter; SA, subarterial; TCD, total conal
defect; VSD, ventricular septal defect. *Data from the patients whose echo-
cardiographic follow-up was shorter than 12 months were omitted from the
illustration for clarification.
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DOur study is distinctive compared to the previous reports in
that postoperative outcome of ToF with SAVSD was looked
at primarily in patients who had had repair during infancy (ie,
median age at repair was 9 months) under aggressive PVA
preservation strategy (ie, an 80% rate of annulus preserva-
tion). From our recent experience, we have inferred that
higher risk for RVOTO in patients with ISD may be related
to the surgical technique used for VSD closure as well as to
unique anatomic predisposition to RVOTO.
Three possible explanations can be given for frequent
postoperative RVOTO in the patients with ISD: (1) subpul-
monary extension of the VSD and anchoring of a VSD patch
to the pulmonary annulus may restrict the growth of the
PVA, as was demonstrated in isolated SA VSD20; (2) the
posterior wall of the infundibulum formed by prosthetic ma-
terial (ie, a VSD patch) may restrict the growth of the infun-
dibulum; and (3) an oversizedVSDpatch protruding into the
RVOT may cause flow turbulence and fibrotic tissue growth
more easily in this group than in others. Demonstration of
a lack of regression in RVOTO and no outgrowth of PVA
over somatic growth in infants with SA or TCD VSD sub-
stantiate the former two hypotheses, whereas the develop-
ment of RVOTO in a 48-year-old patient with SAVSD in
our early series may be attributed to the last hypothesis.
In this study, all patients who had an ISD had right ventri-
culotomy, including 13 who received an IP and 2 who
received a TAP. It has been disputed whether the use of an
IP inToFmay lead to aneurismal dilation of theRVOT,2whichThe Journal of Thoracic and Cahas the same deleterious effect as a TAP on long-term out-
come. Nevertheless, we believe that right ventriculotomy
and the use of an IP are essential procedures in pulmonary an-
nulus preservation in patients with ISD: (1) suturing the upper
margin of a VSD can be performed precisely through a right
ventriculotomy; and (2) augmentation of the RVOT using an
IP is strongly recommended, given that the posterior wall of
the infundibulum is not formed by native tissue but is recon-
structed using a prosthetic patch (ie, a VSD patch).18
Limitation of the Study
Even if we were able to demonstrate that ISD in ToF is
a risk factor for postoperative RVOTO, no preoperative
risk factor for RVOTO was identified within the subgroup
of patients with ISD. Preoperative PVA(Z) in 3 patients
with ISD who developed RVOTO after pulmonary annulus
preservation was -0.5, -1.04, and -3.13, respectively, which
was not significantly smaller than that which occurred in the
rest of the patients with ISD. We also found that growth of
the PVA was restricted in the patients with ISD, but it is
uncertain whether restriction of PVA growth is related to
an anatomic predisposition or has more to do with the sur-
gical technique employed in our early series (ie, a VSD
patch anchored to the PVA using thick interrupted pledget-
ted sutures). Thus, this study may not help us to isolate pa-
tients with ISD who should undergo transannular patching
in the first place. However, if the risk for postoperative
RVOTO can be alleviated, at least in part, by appropriate
modifications in surgical technique, wemay still have a little
more room for pursuing PVA preservation in this subset,
especially in patients with marginally small PVAs.
CONCLUSIONS
In the surgical correction of ToF, the size of the PVAwas
the only risk factor for the placement of TAP, and ISD did
not preclude pulmonary annulus preservation. However,
once the PVAwas preserved, patients with ISD showed re-
stricted growth of the PVA and higher risk for RVOTO,
which may be attributed to inappropriate surgical tech-
niques and to an anatomic predisposition to postoperative
RVOTO. In ToF with ISD, special care should be taken
upon initial repair employing PVA preservation strategy.
Because there seems to be a tendency to increased late
RVOTO when the PVA is spared in ToF with an absent
ISD, the threshold for placing a transannular patch should
be lowered, using more strict criteria for intraoperative
physiologic study as well as preoperative PVA size. Further
study to identify risk factors for RVOTO after annulus pres-
ervation within the subgroup is mandatory.
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